Introduction
The statistics of such waves are an emergent property of the excito-excitatory dynamics and patterns 78 of lateral connectivity; (b) A shared input can drive adjacent sites in cortex with di erent conduction 79 delays, yielding a spatial gradient in response latencies and phases that mimics a traveling wave ( Fig.   80   1b) ; Finally, (c) many di erent sites in a cortical patch may oscillate with similar frequencies, forming 81 a coupled-oscillator system. Reorganization of the oscillation phases across the sites into spatial gradi-82 ent patterns can appear as traveling waves (Fig. 1c) . Such phase reorganization could arise from inputs 83 or from changes in parameters controlling the local neural dynamics, or from metastability in the in-84 trinsic dynamics. In the latter case, a rich variety of complex transient patterns can be generated (e.g. To address both (1) the diversity and (2) origins of β-LFP spatial waves, we examined the spatiotem- . After presenting visual cues, a one-second hold period was required before a 137 visual "Go" cue was given, indicating that the subject should then reach out and lift the cued object us-138 ing the cued grip. A schematic for the task organization is shown in Fig. 2A . In this study, we examine 139 beta oscillations during the one-second period preceding the rst visual cue (object presentation), and 140 the one-second period preceding the "Go" cue.
141
Neural recordings
142
Spatiotemporal beta activity was recorded from two subjects, R and S, using triple implants of microelec-143 trode arrays (MEAs) from Blackrock Microsystems, Utah. A single 10×10 MEA was implanted in area 144 PMv, and smaller 6×8 electrode arrays were implanted in areas M1 and PMd. The electrode length of 145 1.5 mm targeted layers 3-5 of motor cortex, and electrodes were spaced 400 µm apart. In the PMv im-146 plants, four electrodes were connected to ground. In subject S area PMv an additional two electrodes 147 exhibited unusual impedance spectra and were excluded from this study. These missing electrodes were 148 interpolated from their nearest neighbors. All electrodes were used in the area M1 and PMd implants. Optogenetically-induced waves in motor cortex were examined from a third subject T during quiet 154 wakefulness, as reported and described in Lu et al. (2015) (Fig. 8 ). Neurons were transfected with the 155 chimeric opsin C1V2 T/T under the CaMKIIα promoter, which is known to preferentially express in exci-156 tatory cells, with some expression likely also in inhibitory cells (Lu et al., 2015) . Data were recorded from 157 a single 10×10 array implanted in primary motor cortex modi ed to contain an optical ber at the center 158 for delivery of laser light. The spatial domain of direct light stimulation was <1 mm (Lu et al., 2015) . In 159 the data presented here, constant pulse optical stimulation at 561 nm and 6 mW was provided for one 160 second during the rest state. See Lu et al. (2015) for details of the optogenetic recordings.
161
The beta frequency band was identi ed separately for each subject and area. Multitaper spectra (Mitra 163 and Pesaran 1999, 5 tapers; 5 Hz time-bandwidth parameter for 1 s of data) were computed from the rst 164 second of the CGID task for all channels and trials, and the beta band was de ned as the 5 Hz band cen-165 tered at the largest spectral peak between 15 and 45 Hz during this period. Subject R area PMd exhibited 166 multiple harmonically-related beta peaks. We restricted analysis to the lower (fundamental) frequency.
167
The higher frequency peak showed cross-frequency coupling to the lower β-LFP frequency consistent 168 with a summation of 2:1 and 3:2 overtones of the fundamental frequency, re ecting changes in the β-LFP 169 waveform shape rather than a distinct oscillation. Narrow-band oscillation peaks in the optogenetically-170 induced oscillations were identi ed from wavelet spectrograms averaged over all stimulation trials.
171
Wavelet methods were appropriate in this case since the larger number of repeated trials in optoge-172 netic stimulation obviated the need for reducing variance using multitaper methods, and o ered better 173 balance between time resolution at high frequencies and frequency resolution at low frequencies. The 174 amplitude envelope and instantaneous phase for narrow-band LFP oscillations were extracted similarly 175 for both the spontaneous beta oscillations and the induced oscillations: raw LFPs at 1 kilosample/s were 176 band-pass ltered using a zero-phase 4 th order Butterworth lter, and the resultant narrow-band signal 177 a(t ) was passed through the Hilbert transform to generate an analytic signal z(t )=|z(t )| exp(i · φ(t )), 178 which has both an instantaneous magnitude |z(t )| and phase φ(t )= Arg(z(t )).
179

Spatial synchrony
180
We used the circular standard deviation of the instantaneous Hilbert phase to assess zero-lag spatial 181 phase synchrony over the recorded cortical patch, de ned as (e.g. Berens 2009):
which corresponds to the standard deviation of a circularly wrapped normal distribution, and can be 183 obtained by a transformation of the rst moment for circularly distributed data R(t ). In our case, R(t ) is
184
de ned as the normalized average (across channels) of the analytic-signal vectors at a given time 
Instantaneous estimates of local propagation speed were computed as the average magnitude of the lo- that is weighted by the amplitudes of the phase gradient vectors can be computed as: induced by 1-second constant-pulse optogenetic stimulation in motor cortex.
266
We analyzed three CGID datasets resulting from three di erent experimental sessions, each in-
267
cluding recordings from areas M1, PMv, and PMd in subjects R and S. For both subjects, all examined 
272
Motor evoked potentials and beta oscillations in the CGID task
273
Consistent with previous studies of motor cortex LFPs, the CGID task reliably elicited task-related activ-274 ity in all three motor areas (M1, PMd, PMv) from both subjects studied during the planning and prepara-275 tory phases ( Fig. 2A, B) . The movement period of the CGID task was marked by slow motor-evoked po-276 tentials, increased single-unit ring rates, and beta suppression. Motor evoked potentials were domi-277 nated by slow <2 Hz components and also contained peaks in the theta (2-7 Hz) band, in all areas except 278 subject S area PMv. In subject S, the beta band peaked at 21 Hz. In Subject R, the beta band peaked at 17
279
Hz. Beta oscillations were prominent during the rst second of the task (i.e. prior to object presentation),
280
and also occurred during the period preceding the 'Go' cue ( Fig. 2C) . In subject S, beta power was high-281 est before object presentation. In subject R, beta power was greatest during the delay preceding the 'Go' 282 cue.
283
Although beta power was enhanced during the steady-state movement preparation periods of the
284
CGID task, we found that β-LFP activity occurred in transient events with durations that exhibited con-285 siderable intra-and inter-trial variability ( and 97% of trials exhibited β-LFP transients exceeding the de ned threshold, depending on the subject 289 and motor area.
290
The duration of beta transients was broadly distributed, with some trials showing sustained eleva- In the coming sections, we further investigate the relationship between β-LFP amplitude and wave pat-318 terns, and characterize in detail the diversity in wave patterns that were found in each motor area. 
332
The spatiotemporal structure varied considerably across motor areas. Area PMd in both subjects 333 was typically highly synchronous, displaying few traveling waves. Area PMv in subject S showed more 334 complex wave activity, even during beta transients with high power. In both subjects, organized plane 335 wave activity was apparently rarer in area PMv, an area that has not been examined in previous studies.
336
However, area PMv in subject S displayed other organized traveling wave states such as radiating and 337 rotating waves (Fig. 5 ). These di erences between areas were not due simply to the di erent sizes of the 338 arrays, as the classi cation trends did not change when data from the 10×10 PMv arrays were spatially 339 cropped to match the 6×8 size of the M1 and PMd arrays. High beta power corresponded to spatially 340 synchronized states, while more complex activity was seen in lower beta power transient events.
341
While we adopted a classi cation of beta wave activity into the above discrete types, we also em- wave activity, the data did not cluster into non-overlapping "synchronous" and "asynchronous" or "pla- spatial synchrony was also higher, and beta phase gradient magnitude, which is inversely related to 364 wavelength, was lower. Phase gradient directionality, a measure of how planar wave activity is (Meth-365 ods 'Spatial gradient of the Hilbert phase'), was also higher during times when beta power was high.
366
The number of critical points in the phase gradient map, a measure of wave complexity, increased dur-367 ing task phases with weaker beta power. These observations suggested that the task-related changes in ever, β-LFP activity was highly variable. In our inspection of the data, the precise nature and timing of 371 beta spatiotemporal patterns was seldom identical across trials. To better understand the spatiotempo-372 ral structure of β-LFP oscillations, we therefore assessed the instantaneous relationship between various 373 statistics of spatiotemporal activity on a trial-by-trial basis.
374
We compared the average instantaneous Hilbert amplitude of β-LFP across the array to the circular 375 standard deviations of both the Hilbert phase, and the Hilbert phase gradient (Fig. 6) . We found that beta 376 amplitude and beta synchrony were positively correlated for all areas in both subjects. We analyzed the correlation between planar traveling wavelength and beta amplitude in the M1 ar-388 rays of both subjects, which displayed the largest number of planar traveling waves. To avoid e ects of 389 signal-to-noise ratio on the measured wavelengths, we considered only wave events for which the circu-390 lar standard deviation of the Hilbert phase gradient was less than π /4 (Methods 'Spatial gradient of the
391
Hilbert phase'). For both subjects, organized plane wave activity was rare in area PMd, which tended to 392 be synchronous, and area PMv, which tended to show more complex wave activity in subject S and syn- With this approach (Fig. 7) we found that larger beta amplitudes corresponded to longer wave-398 lengths (Pearson ρ=0.64 for subject R, ρ=0.53 for subject S). In subject R, wavelengths ranged from 3.2 399 mm to 28 mm, with a median of 7.2 mm. In subject S, wavelengths ranged from 3.5 mm to 31 mm, with 400 a median of 10 mm. High beta power (amplitude envelope >1.5 standard deviations (σ ) of the beta-band 401 signal) was associated with a median wavelength of 11 mm in subject R and 13 mm in subject S, and low 402 beta power (<1.5σ ) was associated with a median wavelength of 6.8 in subject R and 8.8 in subject S. In we next contrast it to an example of traveling wave phenomenon in excitable neural media (Fig. 1a) 419 measured via the same recording setup.
420
Contrast to traveling waves in excitable media: optogenetically-induced traveling waves 
430
(2015) showed that a 1-second constant pulse of optogenetic stimulation elicits sustained ∼50 Hz LFP os-431 cillations, which travel as radial waves across the cortical patch recorded by the 4×4 mm 2 MEA (Fig. 8) .
432
These spatial waves were induced well beyond the <1 mm diameter site of stimulation, requiring propa-433 gation through network lateral interactions (Lu et al., 2015) .
434
We emphasize that induced oscillations were obtained via constant stimulation, not periodic driv- showed reduced variability in the estimated wavelength. Additionally, the optogenetic stimulation dis-454 rupted zero lag spatial phase synchrony over the cortical patch, which need not have been the case.
455
These statistics are consistent with abrupt appearance of a excitatory traveling wave with a character-456 istic wavelength, and are to be contrasted with the spatiotemporal statistics of the spontaneous transient 457 β-LFP waves detected during the movement preparation stages of the CGID task.
458
In contrast to the optogenetically induced waves, the spontaneous transient β-LFP waves showed a 459 continuous variation in amplitude and a tendency for increased spatial synchrony at higher amplitudes 460 (Fig. 9a) . Induced oscillations were associated with an abrupt increase in amplitude and decrease in spa-461 tial synchrony, compared to the background activity. We also note that the induced traveling waves had Fig 1a) .
474
Discussion
475
In this study, we characterized spontaneous transient beta waves appearing during the steady-state 
487
The optogenetically-induced propagating waves in primate motor cortex provide a reference for ex- 
503
We also examined β-LFP spatiotemporal dynamics in area PMv, a premotor area thought to be in-
504
volved in grasping but not previously studied in the context of beta spatiotemporal waves. We found 505 that it di ered from areas M1 and PMd. In subject S, area PMv exhibited complex wave activity, even well beyond the <1 mm spatial domain of direct light stimulation, these waves serve as a reference for 534 excitatory traveling waves (Fig. 1a) . These induced excitatory waves were successfully modeled using the relationship between stimulation amplitude and spatiotemporal structure.
541
We note that task-related information becomes available in the local neural population after the . There is an important distinction between these steady-state 547 instructed delay periods, during which we believe the prepared motor plan is maintained locally, and 548 active-processing periods where information arrives in and is distributed within motor areas. Thus, the 549 steady-state periods we examined here are unlikely to directly address information ow among motor 550 areas. The potential relationship between β-LFP phase reorganization and information storage or com-551 munication remains to be explored in further studies.
552
We speculate that β-LFP transients in motor cortex may arise from a number of non-exclusive scenar- coupling between sources of beta may be higher when beta power is increased, leading to greater overall 576 synchronization. Conversely, when local beta oscillations become more synchronous, their related extra-577 cellular eld potentials would be expected to interfere constructively and generate a larger LFP signal.
578
If phase reorganization in coupled-oscillator systems plays an important role in the observed tran-579 sient β-LFP wave patterns, a natural question then is where the oscillators are. Our previous study has
580
shown that recorded neurons exhibited sustained ring rates during the same steady-state periods, de- 
621
The observation that motor cortex beta phase exhibits complex spatial dynamics has implications 622 for our understanding of collective dynamics and single-unit activity in motor cortex. In particular, the 623 relationship between spatiotemporal phase dynamics and single-unit spiking remains to be clari ed 624 (Okun et al., 2015) , and beta waves could induce spatially patterned correlations at the single-unit level.
625
The ndings reported here predict that β-LFP traveling waves during steady-state movement prepara- Schematic of the Cued Grasping with Instructed Delay (CGID) task. Objects were presented to the subject, followed by a cue light instructing the subject how to manipulate the object. A two-second planning and hold period was required before movement execution (Methods). (B) β-LFP data were recorded from triple microelectrode array implants (MEA) in areas M1, PMv, and PMd in two subject (R and S). (C) Example LFP spectrogram averaged over trials from area PMv in subject S. Task time is on the horizontal axis, and frequency on the vertical axis. Beta oscillations can be seen throughout the task, in this subject most prominently in the pre-object period. The pre-go period was also free of cue or motor evoked potentials, and typically exhibited elevated β-LFP. (D) Inspection of single trials reveals that β-LFP occurred as transient events. This is trial 35 from session 1 of subject S in area M1. Top: broadband LFP trace; β-LFP transients are visible superimposed on slow evoked potentials. Middle: β-LFP transients can be identi ed from the amplitude envelope of bandpass ltered LFP. Bottom: Wavelet spectrogram visualization of β-LFP transients. Right: The durations of these β-LFP transients do not exhibit a characteristic duration, but rather appear to be an exponentially distributed random process as illustrated by the histogram. In addition to traveling plane waves, beta spatiotemporal dynamics showed synchronous states, radiating and rotating waves, and other more complex wave patterns. Each example was taken from the 4×4 mm area sampled by the 10×10 multielectrode array in area PMv of subject S. Missing electrodes were interpolated from nearest neighbors. Average phase delay maps were computed by unwrapping Hilbert phases at the median frequency of the wave event before computing the average analytic signal. The mean analytic signal was smoothed at a 2 mm scale to generate the phase delay maps pictured here. The smoothed Hilbert phase (φ) was di erentiated to extract critical points from the wave dynamics, shown here as a blue dot for a radiating wave and red dots for rotating waves (Methods: 'Critical point analysis'). Spatially synchronized states were detected as patterns where the angular distribution of analytic signals was concentrated as shown by the rst (top to bottom) example (Methods:'Spatial synchrony'). Plane wave states were detected as spatial patterns where the angular distribution of the phase gradient (∇φ) direction was concentrated, as shown by the second example (Methods:'Spatial gradient of the Hilbert phase'). (z) and (z) denote the real and imaginary parts of the complex-valued analytic β-LFP signal, respectively. The β-LFP signal is also visualized across the three motor areas (images). Beta wave events tended to begin by excitation of oscillations in a subset of channels ( rst frame). In this example, initial amplitude di erences progressed into a traveling wave in which the phase of area PMv (blue dots) lagged behind that of areas PMd (red) and M1 (yellow). This event lasted only a few cycles of the beta oscillation before collapsing back to an asynchronous state. Note that although this is a traveling wave event, it is not a plane wave event. In this instance, the PMv activity was classi ed as a radiating wave, and the M1 and PMd activities were classi ed as synchronous. This example was taken from trial 2 of subject S, session 1. AS: arcuate sulcus, CS: central sulcus. : β-LFP wave patterns are diverse, and area PMv di ers substantially from areas M1/PMd. Categorization of beta wave spatiotemporal patterns during the 1 second movement preparation periods before object presentation and before the 'Go' cue shows a rich diversity of spatial patterns. Consistent with previous studies, areas M1 and PMd exhibited plane wave activity. However, globally synchronized states were more common. The wave structure in area PMv di ered from that in previously studied areas M1 and PMd, and also di ered between subjects. Subject S displayed abundant complex wave activity, while area PMv in subject R was largely synchronous. β-LFP spatiotemporal activity was sampled every 50 ms, or approximately one β-LFP cycle. Plane wave events were detected as times when the wave propagation directions (based on the phase gradients ∇φ, see also Fig. 3 ) were concentrated (PGD<½). Synchronous events were likewise detected as times when the instantaneous β-LFP phase (φ) was concentrated (σ <π /4). Radiating and rotating waves were identi ed based on critical points in the phase gradient eld. Times containing multiple radiating or rotating wave centers were classi ed as complex.
Figure 6: Wave properties transition continuously during motor steady states: variability does not re ect discrete states. Scatter plots illustrate variations in amplitude, synchrony (standard deviation of Hilbert phase), and plane-wave characteristics (standard deviation in phase gradient direction), for representative datasets. Wave properties transitioned continuously, rather than clustering into multiple distinct states, implying that variability in spatiotemporal patterns in motor cortex β-LFP did not arise from switching between discrete network states (bifurcations). Nevertheless some trends were evident: higher beta amplitudes were associated with increased synchrony (top left, all subplots) and were associated also with an increased tendency toward plane waves (bottom right, all subplots). Wave statistics were taken every 50 ms during three task stages: the one-second hold period in anticipation of a visual cue (blue), the one-second hold period leading up to a "Go" cue (yellow), and the 500 ms surrounding movement onset (black). Amplitude was taken as the average Hilbert amplitude over the array. .64 subject R, ρ=0.53 subject S). Only area M1 exhibited su cient highly-planar wave events to facilitate correlation analysis. Speci c example illustrate the progression, left to right, from shorter wavelengths at lower amplitudes, to longer wavelengths at higher amplitudes. Long wavelengths cannot be distinguished from spatial synchrony due to the size of the microelectrode array. These plots indicate that traveling waves transition continuously into synchronized states, with the LFP phase tending toward greater spatial homogeneity at higher amplitudes. Samples were taken every 50 ms (one beta cycle) and only those time-points displaying a high degree of alignment in the phase gradient (i.e. plane waves) were considered for the analysis (see Methods:'Spatial gradient of the Hilbert phase'). All sessions for each subject were combined in the scatter plots. The hue scale is doubled to resolve longer-wavelength patterns.
(B) Variability in wavelength. Zero-lag spatial phase synchrony exists as a limiting case of long-wavelengths (wavelengths corresponding to a phase variance less than π /8 are shaded). Variation from local wave dynamics at small amplitudes to zerolag global synchrony at high amplitudes is consistent with a synchronization phenomenon among local, coupled oscillatory patches. 
